this study was performed to estimate choroidal thickness by fundus photography, based on image processing and deep learning. colour fundus photography and central choroidal thickness examinations were performed in 200 normal eyes and 200 eyes with central serous chorioretinopathy (CSC). choroidal thickness under the fovea was measured using optical coherence tomography images. the adaptive binarisation method was used to delineate choroidal vessels within colour fundus photographs. Correlation coefficients were calculated between the choroidal vascular density (defined as the choroidal vasculature appearance index of the binarisation image) and choroidal thickness. The correlations between choroidal vasculature appearance index and choroidal thickness were −0.60 for normal eyes (p < 0.01) and −0.46 for eyes with CSC (p < 0.01). A deep convolutional neural network model was independently created and trained with augmented training data by K-fold cross Validation (K = 5). The correlation coefficients between the value predicted from the colour image and the true choroidal thickness were 0.68 for normal eyes (p < 0.01) and 0.48 for eyes with CSC (p < 0.01). Thus, choroidal thickness could be estimated from colour fundus photographs in both normal eyes and eyes with cSc, using imaging analysis and deep learning.
Discussion
In this study, we attempted to estimate choroidal thickness at the macula by using conventional fundus photographs. Advances in OCT have enabled observation of the choroid, but not all hospitals and clinics possess OCT devices. In contrast, colour fundus photography is very common and widely used in hospitals and clinics, as well as in health screening facilities. Because choroidal thickness has been associated with various macular diseases (e.g., pachychoroid-related disease and myopic chorioretinal atrophy), it may be useful to determine choroidal thickness automatically via fundus photographs, without an OCT device; the findings could be used to alert patients to the risks of macular disorder at the non-symptomatic stage of pachychoroid-related disease. The current study established the utility of conventional fundus photography for the estimation of choroidal thickness. Both the advanced deep learning method and image analysis were successful in estimating choroidal thickness.
In 1977, Delori et al. reported that monochromatic light at relatively long wavelengths could be used to observe choroidal vessels 13 . In the lightly pigmented fundus, choroidal vasculature was distinguishable under deep red (620-650 nm) light. In addition, retinal vessels were clearly observed at green wavelengths (540-580 nm). In the current digital era, separation of full-colour fundus photographs into red, green, and blue channels is a simple and convenient approach to obtain monochromatic renderings. As observed in the present study, a red-channel monochromatic image can render the choroidal vessels, if the retinal vessels are subtracted by using information from the green channel image. Recently, Kakiuchi et al. reported a similar attempt to depict choroidal vasculature using the 635 nm wavelength for ultra-widefield images, which yielded high reproducibility by indocyanine green angiography 14 . Finally, the CVAI obtained in our analysis showed an inverse correlation with choroidal thickness.
Deep learning techniques also enabled estimation of choroidal thickness from fundus photographs. Although the available data were relatively sparse, transfer learning (image augmentation) enabled efficient assessment of the characteristics of an image. Heat map images suggested that deep learning focused on the choroidal vascular image when estimating choroidal thickness. In the field of ophthalmology, deep learning systems have demonstrated accuracy in detection of diabetic retinopathy, glaucoma, and age-related macular degeneration from fundus photographs [15] [16] [17] . They also have demonstrated success in identification of disease features by OCT, including progression and treatment responses in chorioretinal diseases (e.g., age-related macular degeneration and diabetic macular oedema) 18 . Our results suggest that deep learning can be used to identify eyes with pachychoroid, directly from fundus photographs.
Notably, the estimation of choroidal thickness from fundus photographs was more difficult for eyes with CSC than for normal eyes. Both imaging analysis and deep learning showed lower accuracy in the estimation of choroidal thickness in eyes with CSC; in these eyes, visualisation of choroidal vasculature in the fundus became obscure. Indeed, the CVAI was lower for eyes with CSC than for normal eyes in this study. In contrast, Hirahara et al. reported that the choroidal vessel density obtained by binarising ultra-wide-field indocyanine green angiography images was higher for eyes with CSC 19 . The discrepancy between their findings and the present findings could be related to differences regarding direct and indirect detection of choroidal vessels on indocyanine green angiography images and fundus photographs.
Choroid is known to be thicker in eyes with CSC 1 . This is caused by an increase in choroidal vascular density, dilation of choroidal vasculature, and an increase in choroidal stroma 20 ; Sonoda et al. observed an increase in choroidal stroma within the inner choroid on OCT analysis of eyes with CSC. Moreover, the choroidal stroma contains a large number of melanocytes with melanin 21 . Melanin distribution in the choroid might be altered in eyes with CSC, such that the inner choroid contains additional melanin because the outer choroid is filled with dilated choroidal vasculature. Thus, the increase in melanin content, which overlaps with choroidal vessels, might reduce the transparency of choroidal vessels in red wave-length colour photography. The presence of subretinal fluids might also affect the visibility of choroidal vessels.
Similar to CSC, Vogt-Koyanagi-Harada disease is known to involve thick choroid in the active stage, possibly due to infiltration by macrophages or other inflammatory cells in the choroidal stroma. Immediately before recurrence, fundus examinations reportedly show reduction of choroidal vessel density and OCT images show thicker choroid; in contrast, the appearance of choroidal vessels is more distinct in the fundus of myopic or aged eyes with thin choroid 9, 22 . Therefore, the visibility of choroidal vessels in fundus photographs might be inversely correlated with choroidal thickness.
There were several limitations in this study. First, images with low contrast, brightness, and colour were eliminated due to difficulties in both binarisation and deep learning analyses. Second, red wavelength fundus photography can easily detect drusen as white and nevus as black, which greatly influences CVAI data; therefore, eyes with many drusen and nevus were excluded from analysis. Third, this study included a limited number of data sets, which might have affected the precision of the correlation. The accumulation of additional data would yield a more precise formula.
In conclusion, this study showed that fundus photos could be used to estimate choroidal thickness. Because colour fundus photography is a gold standard imaging tool in ophthalmology, our approach should aid in identification of patients with abnormal choroidal thickness before the development of ocular pathology.
Methods
This study was conducted in compliance with the Declaration of Helsinki. The research protocols and implementation were approved by the Ethics Committee of Hyogo College of Medicine and Tsukazaki Hospital. Data were collected from patients who visited Department of Ophthalmology, Hyogo College of Medicine and Tsukazaki Hospital. Informed consent was obtained in the form of opt-out. All numerical data are expressed as the means ± standard errors of the mean. Comparisons were made using the Mann-Whitney U test.
The analysis was performed using colour fundus photographs (TRC-50DX, Topcon, Tokyo) with similar brightness, contrast, and colour balance characteristics, as well as choroidal thickness values from 100 normal eyes of 100 patients and 100 eyes of 100 patients with CSC who were examined in the Department of Ophthalmology, Hyogo College of Medicine and in Tsukazaki Hospital were used for the analysis. Diagnosis of CSC was made by fluorescein and indocyanine green angiography; all eyes with CSC exhibited subretinal fluid in To remove the strong optic disc signal, the logical product of the areas corresponding to the optic disc in binary images of all RGB components were merged and subtracted from the choroidal-vessel dominant image. Then the ratio of the number of white pixels to the total number of pixels in the image was calculated. This ratio was defined as CVAI ( Fig. 5 ), using the following formula:
where CVR is the number of pixels (i.e., area) of the choroidal blood vessel region, and IR is the number of pixels (i.e., area) of the imaging region.
Deep learning.
A deep convolutional neural network model was created and trained with the augmented training data with K-Fold Cross Validation (K = 5). Images of the training data were augmented by adjustment for brightness, gamma correction, histogram equalisation, noise addition, and inversion; thus, the amount of training 
